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FLIGHT-DETERMINED DERIVATIVES AND DYNAMIC CHARACTERISTICS
OF THE CV-990 AIRPLANE

Glenn B. Gilyard
Flight Research Center

INTRODUCTION

Although jet transports have been in operation about 10 years, there is little pub-
lished information on the basic aerodynamic characteristics of this class of aircraft.
Documentation of the stability and control derivatives and characteristics of a repre-
sentative aircraft of this class would provide useful baseline data for comparison with
design trends of future transports and for use in simulation studies. To provide such
documentation, a flight program was conducted on 2 NASA -operated CV-990 transport
which included investigations of stalls (ref. 1), landings, ground effects, noise (ref. 2),
handling qualities (refs. 3 and 4), and aerodynamic characteristics.

This report documents a wide range of aerodynamic stability and control derivatives
obtained from stability and control maneuvers by using a newly developed digital-
computer matching program (Newton-Raphson method de scribed in ref. 5). The report
also includes the calculated longitudinal short-period and Dutch roll characteristics of
the airplane as well as measured phugoid characteristics.

The longitudinal and lateral-directional derivatives are presented for flight condi-
tions from 120 knots to 195 knots indicated airspeed at an altitude of approximately
3960 meters (13,000 feet) with the airplane in various landing configurations and for
Mach numbers from 0.40 to 0.87 at altitudes of 6096 meters and 10,670 meters
(20,000 feet and 35,000 feet) in the cruise configuration.

SYMBOLS

Physical quantities in this report are given in the International System of Units (SI)
and parenthetically in U.S. Customary Units. The measurements were taken in
Customary Units. Factors relating the two systems are presented in reference 6.

an normal acceleration at center of gravity, g units

ay transverse acceleration at center of gravity, g units

b wing span, meters (feet)



Lift

CL lift coefficient, —
asS
C rolling-moment coefficient, Rolhn_g moment
; qaShb
8Cl
C; = ———, per radian
lp 8%
aC
Clr = —5 » per radian
O%v
aC
CZB = W’ per radian
8CZ
Cléa =%, * Per radian
BCZ
Clér = ENG per radian
8Cl
Clés = 53-; , per radian
Cm pitching-moment coefficient, —i.oling inoment
qsSc
5Cm
Cmq = — , per radian
adc
2V
aC
= m .
Cma— 55 » ber radian
Cm 4
Cmae =5, per radian
CN normal-force coefficient, Normal force
as
CN
CNg = , per radian
84d¢c
2V



CN
CNa: Ba per radian

ICN di
CNGe = %: , per radian

Yawing moment

Ch yawing-moment coefficient, =
qSb
aCy
Cnp = a—g% , per radian
9Cn
Cnr = aT-—b- , per radian
2V
Cn
CnB = 8—[3_ , per radian
oCp
Cnéa = @ , per radian
oCyy
Cnér =W’ per radian
9Cp
Cnﬁs = %; » per radian
Cy lateral-force coefficient, 2teralforce
qs
oCy
C = —— , per radian
R
Cy
CYr = 16 , per radian
2V
Cy
CYB =35 per radian
8CY
CY5a = 85—a » per radian



BCY .
CYG = 8_6; » per radian

T
8Cy
C = —— , per radian
Y5, g ’
c mean aerodynamic chord, meters (feet)
g acceleration due to gravity, meters/second? (feet/ second2)
hp pressure altitude, meters (feet)
Ix, Iy, 1y moments of inertia about X-, Y-, and Z-body axes,
- X _ 2 —footl
respectively, kilogram-meter< (slug-foot<)
Ixz product of inertia referred to the body X- and Z-axes,
kilogram—meterz (slug~foot<)
qu
=C; 2VI , 1/second
qu2
= Clr2VI , 1/second
B = Czﬁgib- . 1/second2

qSb 2

=Cc,. I d
Ls, 15, I * 1/secon

_ gsb 2
L5r Clﬁr I’ 1/second

gsb 2
Ls =C;. ===, 1/second
b~ “log Ty

l distance from center of gravity to center of pressure of the
elevator, meters (feet)

M Mach number

gsc2

q 2_VT§ , 1/second

qucm

M, = Cmaqls , 1/second?
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- asc_ 2
Mae = Cmée Iy’ 1/second

m airplane mass, kilograms (slugs)

-2
_ qSb

Np = Cnp—ZVIZ , 1/second
aSc

N =

a d2mVv2
N, = Cnrggt; , 1/second

N_= CNagITf— 1/second

N,=C q—S—E, 1/second2
Z

asb , 1/second?

Néa ) 0, Iz
Ns =C as_ 1/second
6e Nﬁe mV ’
_ qsb 2
Np., = Cnér I 1/second
- qsb 2
=C = d
N‘Ss ng_ I, ’ 1/secon
P period, seconds
P,d,T roll, pitch, and yaw rate, respectively, radians/second
(unless otherwise noted)
i),;],i' roll, pitch, and yaw acceleration, respectively, radians/ second?
q dynamic pressure, newtons/meter2 (pounds/footz)
S wing area, meters? (feetz)
Ty roll mode time constant, seconds
Tg spiral mode time constant, seconds



time for transient oscillation to damp to half amplitude,
seconds

time, seconds

velocity, meters/second (feet/second)

airplane weight, kilograms (pounds)

distance from center of gravity to angle-of-attack and angle-of-

sideslip sensors, respectively, positive forward, meters
(feet)

Ty/2
t
v
w
X y» xB
Y. = qsb

P p2mV2

qSb

Y,.=Cy

r r2mV2
YB = CYﬂmV , 1/second

ds
=C —, 1 ond

Yéa Yéa — /sec

as
Y5 = CYOrmV » 1/second

_ as_
YGS = CYOSmV , 1/second

o

oo

.Qv
™.

>

angle of attack at center of gravity, radians (unless otherwise
noted)

instrument indicated angle of attack, degrees

angle of sideslip at center of gravity, radians (unless otherwise
noted)

instrument indicated angle of sideslip, degrees

«a and B rates, radians/second

incremental change



Ga,ﬁr,és,ée,ﬁf average aileron, rudder, spoiler, elevator, and Fowler flap
deflection, respectively; positive: trailing edge of rudder
left, aileron and spoiler deflections which produce right roll,
elevator trailing edge down, Fowler flap trailing edge down;
radians (unless otherwise noted)

6 wheel displacement, positive clockwise, degrees

€ angle between body X-axis and principal X-axis, positive
when body axis is below principal axis at nose of airplane

z damping ratio

0, @ Euler angle of pitch and roll, respectively, radians (unless
otherwise noted)

é, (p 0 and ¢ rates, radians/second (unless otherwise noted)
Subscripts:

i indicated

o initial

AIRPLANE DESCRIPTION

The CV-990 airplane (figs. 1 and 2 and table 1) is representative of the low-wing
jet transports now in operation. It has a design cruise Mach number of approximately
0.85 between 10, 670 meters and 12, 192 meters (35,000 feet and 40,000 feet) altitude.
The wing and tail are both swept 35° at the 30-percent-chord line. The dihedral of
the wing is 7°; the dihedral of the tail is 7.5°. The basic commercial version has a
dry weight of 67,132 kilograms (148,000 pounds) and a design gross takeoff weight of
111,585 kilograms (246, 000 pounds). The version tested was unfurnished and had a
dry weight of 56,700 kilograms (125,000 pounds) and, with maximum fuel, a gross
takeoff weight of 101, 152 kilograms (223, 000 pounds). Normal flap deflections are 27°
for takeoff and 50° for approach and landing.

The airplane has two antishock bodies on each wing that are used to store fuel and
to reduce transonic drag rise. The propulsion is provided by four General Electric
CJ805-23 aft-fan turbojets which are pod-mounted and suspended below and forward
of the wing on highly swept pylons.

Longitudinal Controls
The primary longitudinal control is the elevator, which is operated by the aero-
dynamic forces of the mechanically operated elevator flight tabs. The limits of the

elevator are 25° up and 12° down; the flight tab limits are 12° up and 25° down with
respect to the elevator. The control column forces are minimized by the aerodynamic
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balance of the tabs.

A completely movable horizontal stabilizer provides the gross longitudinal trim
required on takeoffs and landings and the Mach trim required in the tuck region.! The
limits of the horizontal stabilizer are 2.5° leading edge up and 13.25° leading edge
down.

Slotted (Fowler) flaps are incorporated in the trailing-edge section of each wing,
on either side of the ailerons. The flaps are hydraulically actuated and have five detent
positions corresponding to 0°, 10°, 27°, 36°, and 50° (full down). There are eight
leading-edge (Krueger) flaps on each wing. Each flap has two positions (fully retracted
and fully extended), is hydraulically actuated, and is controlled by the trailing-edge-
flap lever according to the following schedule:

Trailing-edge (Fowler) flaps | Leading-edge (Krueger) flaps

0° All retracted

10° and 27° All extended

36° and 50° All extended, except inboard
flap

Lateral Controls

The ailerons are positioned by aileron tabs and operated from the pilot's wheel.
The maximum deflection of the pilot's wheel mechanically commands the maximum
aileron flight tab travel of +20° which, through the aerodynamic boost, operates the
ailerons with a maximum travel of +15°,

The spoilers, which provide approximately 80 percent of the roll control power,
are directly connected to the copilot's wheel. The maximum spoiler deflection is 75°
for the inboard spoilers and 60° for the outboard spoilers for indicated airspeeds of
less than 200 knots. For airspeeds greater than 200 knots, the spoilers have a blow-
down feature, because the actuators do not have enough power to command full de-
flection. The outboard spoilers can reach the maximum deflection in 1 second,
whereas the inboard spoilers require 1.25 seconds. The spoilers can be disconnected
from the lateral control system to permit aileron-only control. The pilot's and co-
pilot's controls are interconnected in the cockpit. The variation of aileron and
spoiler deflection is presented in figure 3 for the normal range of wheel usage.

Directional Controls

In normal operation, the rudder is hydraulically actuated and has a total travel of
+25°,  The rudder flight tab is deflected with the rudder ina 1 to 1 ratio, thus providing
additional control power. The rudder also receives commands from a yaw damper
computer proportional to yaw rate, r, and yaw acceleration, r, These commands
are obtained by taking the difference of two longitudinally displaced lateral accelerom-
eters to produce the T term and then introducing lag in the r loop to yield the r
component.

lTramonic region where airplane has a natural tendency to nose down.



INSTRUMENTATION

The recording instrumentation used is listed in table 2. Angular accelerometers
were not used. The instrumentation was alined with the body axes, and the angle-of-
attack and angle-of-sideslip vanes were mounted on a nose boom which also contained
an airspeed-altitude probe.

The data were recorded by three 15. 24~centimeter - (6 -inch-) throw, 26 -channel
oscillographs. The data were read at 0. 1-second intervals, with the length of the runs
varying from 10 seconds for heavily damped short-period longitudinal data to 25 seconds
for lightly damped Dutch roll data.

Table 2 lists the ranges of the various sensors and the total cumulative errors esti-
mated from the following sources: transducer, recording system, zeros, and calibration.
The error introduced by the reader was nil. Because of zero-shift errors in the record-
ing system, the angle-of-attack values in table 3 were taken mainly from pilot notes.

TEST CONDITIONS

The Mach number and altitude conditions at which data were obtained are shown
in figure 4; pertinent aircraft conditions are given in table 3. All the data were ob-
tained at preselected Mach and altitude conditions, but at existing weights and center-
of-gravity positions. Although the gross weight and center of gravity were measured,
corresponding moments of inertia were estimated (table 3) on the basis of limited data
from the manufacturer. Because of the uncertainty of the inertias, the derivatives are
presented in dimensional as well as nondimensional form.

Pullup and release maneuvers were used to determine the longitudinal derivatives.
The phugoid mode was also excited to measure phugoid characteristics. The lateral-
directional set of maneuvers consisted of a rudder doublet, aileron-plus-spoiler
doublet, and an aileron-only doublet. All the maneuvers were started from a level
trim condition at a selected altitude with the Mach trim and yaw damper off except for
four maneuvers made with the yaw damper on.

DATA AND ACCURACY ANALYSIS

Data Analysis

The longitudinal short-period damping ratio was high enough (0.4 to 0. 8) to make
simple methods of analysis impracticable. However, the lateral-directional maneuvers
were lightly damped (¢ < 0.075) so that control-fixed free oscillations could be analyzed
by using the time vector method (ref. 7). The vector method results were used pri-
marily to check the derivatives obtained with the more versatile, newly developed,
Newton-Raphson derivative extraction technique used throughout the analysis (ref. 5).
The equations used in the analysis are presented in appendix A, and the application of
the Newton-Raphson technique during this investigation is discussed in appendix B.



The basic principle of the Newton-Raphson technique is that deviations between flight
and calculated time histories of airplane response to control inputs are minimized.
The calculated time histories were based on the mathematical model described in ap-
pendix A, Typical matches, which represent the landing and cruise configurations,
are presented in figures 5 and 6 for the longitudinal short-period mode and Dutch roll
mode, respectively.

The frequency, damping, and dynamic characteristics were calculated from the
final set of flight derivatives.

Although only one longitudinal maneuver for each flight condition was considered
necessary for analysis purposes, three lateral-directional maneuvers were required
to provide sufficient dynamic data to obtain consistent results. The need for several
lateral-directional maneuvers first became evident when separate matches of several
available maneuvers, for any one flight condition, did not yield a unique set of
derivatives. That is to say, some of the derivatives obtained from matching independ-
ently a rudder doublet, an aileron doublet, and an aileron-plus-spoiler doublet were
significantly different. However, by matching all the lateral-directional doublet
maneuvers simultaneously at a specific flight condition, a unique set of derivatives
was apparently obtained.

Although the ailerons and spoilers did not move together in a precise ratio, the
phasing of their motions was so nearly identical that the effectiveness of each surface
could not be determined individually by the Newton-Raphson method. The aileron-only
doublet, however, provided the additional information required to simultaneously
separate the two control derivatives. The aileron control derivatives are determined
primarily from the information content of the aileron-only maneuvers and the spoiler
derivatives are determined from the information contained in the aileron-plus-spoiler
maneuvers. In all instances the consistency of the derivatives increased with the
number of maneuvers being matched simultaneously.

Early in the program, aileron-only doublet data were not obtained, hence a yaw-
damper-on doublet was also matched with the rudder and ail eron-plus-spoiler doublets
for improved accuracy.

A data sample rate of 10 points per second was used to match the time histories
of the longitudinal mode, whereas a 5-point-per-second rate was used for the lateral-
directional mode. Because the aircraft inertias were not accurately known, the cross
product of inertia was assumed to be zero. Available data from the manufacturer also
indicated that this assumption was valid. Further information on assumed inertias and
data sample rate is presented in appendix B.

Accuracy Analysis

With the Newton-Raphson method an indication of the quality or the confidence level
of each derivative is computed in terms of a variance. The variance is determined with
respect to every other derivative and variable of a particular match and is defined as
the lower bound of the standard deviation, provided certain as sumptions about the data
are valid. The basic assumption is that the data being analyzed can be accurately
described by the model with only white noise superimposed. Reference 5 shows that
although this basic assumption is not exactly met, for engineering purposes it is
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satisfied. The use of the variance, however, is of limited value because the definition
implies that if the variance is small, the derivative could (although need not necessarily)
be well defined, whereas if the variance is large, it can be assumed that the derivative
is poorly defined.

Table 4 shows the average variance of each derivative and the probable-error
index, which is defined as the average ratio of the variance to the derivative magnitude
in percent. As would be expected, the static stability derivatives and the major control
derivatives have a low probable-error index, which indicates that the quality of these
derivatives is good. The probable-error index is not meaningful and therefore not
presented for derivatives having values approaching or passing through zero, or both.

RESULTS AND DISCUSSION

In the following analysis, the airplane stability and control derivatives are related
to such variables as lift coefficient, Mach number, and flap setting. Initially, angle
of attack was chosen because classically it is the most used parameter. However, the
zero corrections for the angle-of-attack indicator varied from flight to flight and on a
few flights were not obtained. As a result, the angle-of-attack measurements were
not completely reliable. The derivatives are therefore related to lift coefficient, a
more accurate parameter which is dependent only on airplane weight, normal accelera-
tion, and dynamic pressure.

Longitudinal Stability and Control Derivatives

The longitudinal derivatives obtained from the analysis of pullup and release
maneuvers are presented in terms of lift coefficient for the low-speed flight conditions
and in terms of Mach number for the clean configuration flight conditions. The pitching
moment and normal-force derivatives are presented in figures 7 and 8, respectively.

Because the high-speed derivatives are plotted in terms of Mach number, the data
at constant altitude contain angle-of-attack and dynamic-pressure effects which in turn
affect aeroelasticity. Dynamic-pressure effects could not be isolated with the available
flight data because of lack of control over the flight conditions. The dynamic character-
istics calculated from the flight-obtained derivatives are presented in figure 9 together
with measured phugoid characteristics. Dimensional body-axis derivatives are given
in table 5.

Stability derivatives.— In order to provide meaningful comparisons, the static
stability derivative, Cma’ was corrected to 0.25¢. Figure 7 shows Cma to be

nearly invarient with Cy for the low-speed conditions with the flaps set at 50°; how-

ever, the data do not appear to show a consistent trend with the flaps at 27°, On the
other hand, the clean configuration data show a fairly consistent difference between

the data for 6096 meters and 10, 670 meters (20,000 feet and 35,000 feet) altitude.

This indicates a significant effect of lift coefficient at any one Mach number and possibly
also aeroelasticity with increasing Mach number as reflected in the relative trends of
the constant Cjy, lines in the figure. Transonic effects could also be a factor at the
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higher Mach numbers.

The damping derivative, Cmq (fig. 7), increases negatively with increasing Cj,
for low-speed flight conditions. The data indicate a slight decrease in Cmq resulting
from lowering the flaps from 27° to 50°, In general, the higher damping of the low-
speed maneuvers gave rise to greater uncertainties in the data analysis. At high
speeds Cpm q shows a definite increasing trend with increasing Mach number but does
not vary significantly with Cy,. The discrepancies at Cy, = 1.2 for 50° flaps, and the

one at M = 0. 80, hp = 10,670 meters (35,000 feet), are believed to be due to poorly

conditioned maneuvers.
The lift-curve slope, CNoz (fig. 8), appears to decrease with increasing Cy, at

the low-speed conditions but shows no clear trend due to flap deflection. The high-
speed trends for CNa also show Cj, or aeroelastic effects, or both, as evidenced

by differences between the 6096-meter and 10, 670-meter (20, 000-foot and 35, 000-foot)
data at the same Mach number, Although CNa increases with Mach number at a

constant altitude, this is attributed partially to angle -of-attack variation.

At low speeds CNq (fig. 8) increases rapidly (in the positive direction) with in-
creasing Cp,. The rather large values of CNq at high lift coefficients have as much
effect on airplane frequency as the usually more dominant derivative, Cma. Large
values of CNq also produce significant transient lift effects during certification stall

maneuvers. This high sensitivity of normal acceleration to pitch rate resulting from
high values of Cy q is shown more clearly in the following approximation:

Vo

Aay (due to q) = E qu

Aap v
= — N = 0.068 g/deg/sec
3 z Ng g/deg/

Scatter in the data precludes identification of possible flap effects.
At high speeds CNq shows a decreasing trend with increasing Mach number and

decreasing altitude, tending toward zero and negative values at the high Mach numbers.

Control derivatives.— The pitch control derivative, CmG (fig. 7), shows little
e
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variation with either 1lift coefficient or flap deflection at low speeds, and is essentially
invariant with Mach number. The derivative CNp (fig. 8) was not an independent
e

variable in the derivative matching process but was calculated from the expression:

_.C

CNg_ = =7 Cms,

e

Thus, CN6 is also approximately a constant for all flight conditions.
e

The Newton-Raphson method provides a measure of the variance of the determined
derivatives. The average variance and the probable-error index, which is the per-
centage of the variance to the actual magnitude of the derivative, are given in table 4.
These probable-error indexes indicate that Cmoz is the most reliable of the longitudinal

set followed in order of descending reliability by Cmée, CNa’ and Cmq. Although no
probable-error index is presented for CNq, comparison of the average variance with
each individual flight value of Nq (table 5(a)) clearly shows that CNq is the most

poorly defined of the group. The quality of the derivatives is generally consistent with
results from other methods of analysis such as analog matching (ref. 7).

Short-Period Characteristics

The period and damping characteristics calculated from the flight-determined
derivatives are presented in figure 9(a). The results appear to show consistent varia-
tion with Mach number and altitude despite the high damping (¢ = 0.4 to 0. 8) of the
maneuvers analyzed. The period, P, ranges from 15 seconds at the lowest speeds to
3 seconds at high speeds, and decreases with increasing Mach number (constant
altitude) or decreasing altitude (constant Mach number) as a result of increasing dynam-
ic pressure. Both ¢ and T; /2 show decreasing trends with increasing Mach number.

None of the characteristics exhibits variation due to flap deflection.

Phugoid Characteristics

The phugoid period and damping characteristics measured from oscillograph
records are presented in figure 9(b). Data are presented for the basic, unaugmented
aircraft and for the aircraft with the Mach trim compensator engaged for Mach numbers
greater than 0.50., Comparison of the phugoid period with the classical approximation,

p Y21V
g

, shows the results for the low-speed, flaps-extended configurations to be
consistently higher than predicted. Results for the clean configuration agree well with

predictions at low Mach numbers, but fall substantially below predictions at high Mach
numbers.
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The Mach trim compensator had no clear effect on the phugoid period below the
tuck region. With the compensator disengaged, however, a tuck was observed at a
Mach number of 0.87 and an altitude of 10,670 meters (35, 000 feet). At other high-
speed conditions (M 2 0. 85) with the Mach trim compensator off, the airplane reached
an overspeed condition within the first cycle of the phugoid oscillation.

The phugoid was divergent (¢ < 0) at all Mach number and altitude conditions
covered with the airplane in the clean configuration (fig. 9(b)), and the Mach trim com-
pensator had no discernible effect on damping.

Deflection of the flaps revealed an interesting variation of phugoid damping with
airspeed. The damping for flap settings of 27° and 50° steadily deteriorates as Mach
number decreases to about 0.27 (140 knots) at which point the damping is essentially
neutral for the 27° flap setting. Further reduction in speed is accompanied by a rapid
increase in damping. This variation with speed is believed to result from a shift from
the front side to the back side of the power curve as speed is reduced below about
140 knots. The point of minimum damping corresponds approximately to the point of
maximum lift-to-drag ratio.

Lateral-Directional Derivatives

The derivatives and corresponding calculated dynamic characteristics for the
lateral-directional modes are presented in figures 10 to 16. Included with the dynamic
characteristics are data obtained with the yaw damper on. The dimensional body -axis
derivatives are summarized in table 5.

Static_stability derivatives.— The dihedral effect derivative, C lﬁ (fig. 10), for the

low-speed configurations shows a significant increasing trend with inc reasing lift coef-
ficient and is essentially unchanged by flap deflection at any specific C 1+ The data

for the clean configuration show C ZB increasing with altitude at constant Mach number,

which indicates a pronounced increase with increasing Cp, and thus increasing angle

of attack. At constant altitude, C ZB remains relatively constant with increasing Mach

number and thus decreasing angle of attack, from which it may be inferred that an in-
crease in CZB with increasing Mach number is counteracted by a decrease in C;
B

with decreasing angle of attack,

For the low-speed configurations the directional stability derivative, Cn,g (fig. 10),
shows a significant decreasing trend with increasing lift coefficient at low speeds and
a well-defined increase in directional stability with increasing flap deflection. Flap
deflections from 0° to 27° and from 27° to 50° produce about equal incremental changes
in Cp g The directional stability derivative shows an increase with Mach number at
constant altitude caused primarily by angle-of-attack effects. The variation of Cn 3

with altitude at a constant Mach number again reflects mainly angle-of-attack effects.

14



There is no significant effect of 1ift coefficient on CYB (fig. 10) for the Cy range

investigated; however, within the scatter of the data there is a trend toward a slight
increase (negatively) caused by lowering the flaps. For the clean configuration, Cy 8

appears to be unaffected by the variables considered.
On the basis of the probable-error indexes in table 4, it appears that Cp g C ZB,

and CYB are the most accurate of the 16 derivatives determined.

Rotary derivatives.— The damping-in-roll derivative, Clp (fig. 11), was nearly

constant for the low-speed configurations over the Cj range of these tests; however,

increasing flap deflection does appear to result in a slight decrease in C Zp' For the

cruise configuration there does not appear to be a conclusive trend in the variation of
Czp with Mach number and altitude; however, aerodynamic theory indicates a close

relationship between Clp and CNoz' A comparison of Clp (fig. 11) and CNa (fig. 8)

suggests that the C lp value at a Mach number of 0.40 and the C Lo value for an altitude

of 10, 670 meters (35,000 feet) at a Mach number of 0.70 are both high. If these possi-
bilities are taken into account, CZ does increase with increasing Mach number. The
p

probable-error index in table 4 shows that the damping-in-roll derivative was one of
the more accurate derivatives determined.

The data for the directional damping derivative, Cp, (fig. 11), for the configura-

tions with flaps deflected indicate a decreasing trend with decreasing lift coefficient.
There are no clearly discernible effects of flap position on the derivative. The results
for the clean configuration show an average value of about -0.09, with no definite trend
with Mach number. Table 4 shows that the probable-error index value for this
derivative is among the highest and thus the accuracy or quality of the derivative is
among the weakest.

In figure 12 the cross-coupled derivatives, Clr and Cnp, although difficult to
measure accurately, vary with lift coefficient in the low-speed configurations. The

trends shown are typical inasmuch as the wing is the principal contributing element.
There is a slight reduction in Cnp with increasing flap deflection.

Data for the cruise configuration show considerable scatter in Clr and Cnp,
obscuring any trend with Mach number or angle of attack. The magnitudes of both C Iy

and CIlp are near zero, so that only average variances could be presented meaningfully
in table 4.
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The CYp and CYr derivatives were not determined because of their negligible

effect on airplane response.

Control derivatives.— For the configurations with flaps deflected, figure 13 shows
that the lateral spoiler effectiveness increases with lift coefficient and flap deflection,
whereas the aileron effectiveness decreases with increasing lift coefficient and is not
affected by flap deflection. The two derivatives are of approximately the same magni-
tude for the 27° flap configuration; however, it should be noted that most of the roll
control was provided by the spoilers, which deflected approximately four times as
much as the ailerons.

For the cruise configuration, the aileron and spoiler control derivatives show a
definite Mach effect, which generally increases with increasing Mach number. There
was no clear effect of 1ift coefficient on these derivatives.

The rudder cross-control derivative, C 15 (fig. 13), shows considerable variance
T
with both Cp, and Mach number but is clearly positive for all flight conditions investi-

gated.
In figure 14 the rudder control power, C116 , in the low-speed configurations shows
T

a clearly defined variation with lift coefficient, although little effect due to flap deflec-
tion is indicated. For the cruise configuration the rudder control effectiveness shows
a steady decline with increasing Mach number at 6096 meters (20,000 feet). There is
no conclusive trend with altitude or dynamic pressure.

The coefficient of yaw due to aileron control, , was positive for all config~

Cn§a
urations and at all flight conditions studied (fig. 14). There is no apparent effect of

lowering the flaps. In the clean configuration, CI16 shows an apparent Mach effect
a

at an altitude of 10,670 meters (35,000 feet) but not at 6096 meters (20,000 feet).

The coefficient of yaw due to spoiler deflection, Cnés (fig. 14), for the configurations
with flaps deflected is positive as expected and, like C 1 68, increased substantially as
the flaps were lowered. Little, if any, effect of lift coefficient is indicated. For the

cruise configuration, Cn5 appears to be fairly constant with Mach number.
s

The side force control derivative, CY6 (fig. 15), for the takeoff configuration
a

shows a definable trend with Ci,, changing from positive to negative values with in-

creasing lift coefficient. Lowering the flaps to the landing configuration results in an
apparent negative increase in this derivative. The derivative Cy(3 (fig. 15) for the
s

landing configuration exhibits an apparent variation with Cy,, increasing from nega-

tive values at low Cy, to positive values at high Cy,. The derivative CYér shows
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an inconclusive variation with 1lift coefficient.

For the cruise configuration the side force control derivatives show no systematic
trends with Mach number; however, CY6 has a well-defined positive value whereas
T
C and C are near zero.
Yaa Y6s

The probable-error indexes for the roll and yaw control derivatives (table 4) are
low except for C l5.° The data for C; 5. were generally of poor quality.
T T

Lateral-Directional Dynamic Characteristics

The period and damping characteristics calculated from the flight-determined
derivatives are presented as a function of Mach number in figure 16(a). Both P and
T, /2 decrease with increasing Mach number at constant altitude. A decrease is also

noted with decreasing altitude at constant Mach number primarily as a result of dynamic-
pressure effects. The damping ratio, ¢, on the other hand, increases with increasing
Mach number and decreasing altitude to 2 maximum of 0.075. One maneuver, the
aileron-only doublet at a Mach number of 0.70 and an altitude of 10,670 meters

(35, 000 feet), was near neutrally damped. This, in turn, was reflected as a noticeable
increase in the time-to-damp-to-half amplitude and a reduction in ¢ for this flight
condition, as compared to the trends at other flight conditions. A comparison between
the calculated period and damping characteristics and the values measured from the
oscillograph records showed the differences to be negligible.

A few selected maneuvers made with the yaw damper on were analyzed. A com-
parison of the yaw-damper-on (fig. 16(b)) and yaw-damper-off data (fig. 16(a)) indicates
a substantial increase in damping ratio attributable to the yaw damper.

Figure 16(c) presents the roll and inverse spiral mode time constants. The well-
defined roll mode time constant, 7., is stable throughout the flight range for all con-

figurations tested and decreases with increasing Mach number (constant altitude) and
decreasing altitude (constant Mach number).

The results for the inverse spiral mode time constant, ?1-, show considerable
s
scatter, but the mode is evidently stable and thus agrees with pilot comments. The
mode exhibits near-neutral stability with flaps deflected 50°. In general the time for
the transient oscillation to damp to half amplitude, T; /2 for the spiral mode is
greater than 35 seconds.

CONCLUDING REMARKS

Longitudinal and lateral-directional stability and control derivatives determined
from flight data by using the Newton-Raphson digital method are presented for various
low-speed and cruise configurations of the CV-990 airplane. The airplane mode char-
acteristics were in turn calculated from the flight derivatives.
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Most of the derivatives obtained showed consistent and generally normal variations
with lift coefficient, Mach number, and altitude, Many of the derivatives showed well-
defined effects due to flap deflection, notably those for spoiler effectiveness and
directional stability.

The period, damping, and other mode shape characteristics calculated from the
measured derivatives also exhibited normal trends with Mach number, altitude, and
flap configuration.

The damping ratio of the short-period longitudinal mode was large, from 0.4 to
0.8, whereas the Dutch roll damping ratio for all conditions was light (less than 0,075)
with the yaw damper off.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., December 7, 1971.
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APPENDIX A
EQUATIONS USED FOR FLIGHT DATA ANALYSIS

The equations of motion used to determine stability and control derivatives by the
Newton-Raphson technique of matching flight data time histories are summarized in
this appendix. The equations are in body-axes form.

Longitudinal Derivatives

The following equations were used to analyze longitudinal short-period maneuvers:

a=q - Ngo - Nya - N5663+—\§—-
o

\%
)
a, = E(Naa + Nya + Néeée)
6=q
The zero shifts of q and a, were determined in the Newton-Raphson program by
using the same error minimization principle as used for finding the derivatives.

Position correction for instrument location was unnecessary for a, because the

accelerometer was located at the center of gravity; however, the following equation
was used to correct for the «-vane location:

= +xaq
= i —_—
VO

The following expression was substituted for Née (see appendix B):

IYg
Nﬁe B —WVO‘l Mae

Lateral-Directional Derivatives

The analysis of lateral maneuver derivatives was based on the following equations:
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APPENDIX A - Concluded

I

. Ixz.

I Lpp + LT + L + L, 0a + Ly Oy + LGSGS
. Ixz

. g
B =-r +<‘—]—(—)><p+ pa, + Ypp + YrT + YpB + Yéaéa + Y5r<‘3r + Yésés

Vi

s'0=p+r90

Again, the error minimization principle used in the Newton-Raphson method to
find the zero shifts of p and r was the same as that used to determine the derivatives.

Position correction for instrument location was not necessary for a; because of

the center-of-gravity location of the accelerometer; however, the following equation
was used to correct for the B-vane location:
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APPENDIX B
USE OF THE NEWTON-RAPHSON METHOD FOR DERIVATIVE DETERMINA TION

Technique Used

The Newton-Raphson method of analysis (ref. 5) has many options to help the user
to obtain the best possible set of derivatives with the flight data available. Primarily,
these options permit control over which flight parameters (for example, p, T, B q
@) are to be used in matching the time histories, what weight is to be attached to the
flight parameters, and which of the derivatives should be allowed to vary from the
initial starting values (usually wind-tunnel data or some reasonable estimate). The
task of determining and assessing the effects of all combinations of different options
for analyzing these data would be monumental; therefore, all the derivatives were
allowed to vary and were weighted equally in the cost function. No attempt was made
to control a particular derivative even if it appeared that the result could be improved
by using other options.

The basic principle of the Newton-Raphson method of analysis is to minimize the
error in a match between flight time histories and computed time histories on the
basis of the estimated or calculated derivatives. Only short-duration inputs were used
as forcing functions (pulses and doublets); thus the control derivatives determined were
based on much less information than the remaining stability derivatives. Although the
pulse and doublet maneuvers provided good time history matches and derivative results,
the ideal maneuver for the Newton-Raphson matching process would contain continuous
forcing of the controls, independent of the other variables to be matched.

Lift Due to Elevator
Initially, the control derivative, Ng , was allowed to vary independently, but the
e
results produced considerable scatter and obvious discrepancies in the calculated time
histories. Therefore the derivative was assumed to be proportional to the elevator

pitching moment, Mae, according to the following expression inserted in the program

for all longitudinal short-period matching:

IYg
Nﬁe B —Mée WVol

Matching Multiple Time Histories

Wwith the first version of the Newton-Raphson method used, only one maneuver at
a time could be matched. It was observed that independent matching of the three
maneuvers available at a particular flight condition often gave significantly different
sets of derivatives. The difficulty was due primarily to the lack of sufficient dynamic
information in any one maneuver. At this point the program was modified to match all
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APPENDIX B - Continued

three maneuvers simultaneously; the results showed much better consi stency when the
derivatives were compared with those obtained at other flight conditions. Figure 17 is
a comparison of dimensional derivatives obtained by matching three maneuvers sepa-

rately and then simultaneously. The derivatives Lp, L., Np, and N,. show

significant differences when matched separately. In all the matches the overall con-
sistency of the derivatives increased when the three maneuvers were matched
simultaneously.

Effect of Data Interval, At = 0.1 Versus 0.2

Shown also in figure 17 is a comparison of matches made at an available sample
rate of 10 points per second and at the 5-point-per-second rate used throughout the
lateral-directional analysis. The selection of 5 points per second was dictated by the
limited amount of computer time available, and resulted in a reduction in computer
time by approximately one-half. For all the derivatives the differences in the sampling
rates are negligible, and the 5-point-per-second rate was adequate for the present
investigation.

Effect of Principal-Axes Inclination

The basic computations in the Newton-Raphson method were performed in the
principal axes for which the cross product of inertia, Ixy, is zero. Because the

manufacturer's estimates of the inertias of the CV-990 airplane, although limited,
indicated a small Iz, the assumption was made that the inclination of the principal

axes, €, was zero for all time history matches. To verify this assumption, the effect
of € onthe match of the time histories and the derivatives was checked. The flight
parameters of roll rate and yaw rate were transformed from the aircraft body axes

to the principal axes on the basis of assumed e. The product of inertia is related to

€ and the principal-axes-oriented moments of inertia by the following expression:

1 .
IXZ =§ (IX - Iz) sin 2¢

A complete set of derivatives was calculated for inclination angles of -2°, -1°, 0°,
1°, and 2° from two sets of maneuvers, selected for the extreme airplane weight dif-
ferences, at the following flight conditions:

Speed Altitude, m (ft) | Configuration Weight, kg (1b)
140 knots 3,960 (13, 000) 50° flaps 63,504 (140, 000)
0.80 M 10,670 (35,000) Clean 95,256 (210, 000)

The effect of ¢ on the derivatives is shown in figure 18. The only derivative affected
significantly for both flight conditions was Lp, which varied up to 10 percent per

degree ¢ from the value obtained for € =0°., The only other derivative affected
appreciably was Ng . In one maneuver set the Np_ derivative varied up to 12 percent
per degree. a a
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APPENDIX B - Concluded

The most likely value of ¢ was determined by plotting ¢ versus total error.
The total error, which is the magnitude of the cost function at convergence, indicates
the magnitude of the standard deviation between the flight data time history and its
corresponding Newton-Raphson calculated match. An improved match with a smaller
discrepancy between the time histories results in a reduction of the total error. The
variation of total error with € (fig. 19) tends to confirm the assumption that Ixz = 0.

If all other data are considered to be good, theoretically, the total error should be
minimal for each match. Therefore, the minimum total error defined by the variation
in € should also define the most probable values of ¢ and Ixyz of the airplane.

Because the minimization of ¢ occurred inthe € range of -1°to 1° (fig. 19), the
assumption that ¢ ~ 0 appears to be valid for all gross weights.
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TABLE 1.— PHYSICAL CHARACTERISTICS OF THE CV-990 AIRPLANE

Fuselage —
Maximum width, m (ft) . .
Maximum height, m (ft) .
Length, m (ft) . .. ...
Wwing —
Incidence (root), deg . . .
Aerodynamic span, m (ft)

Area,mz(ftz)

Root chord, m (ft) . . . .
Tip chord, m (ft) . . . . .

Mean aerodynamic chord, m (ft)

Dihedral, deg .« « « o + «
Aspect ratio . . . ¢ ¢ . &
Leading-edge sweep, deg

Horizontal tail —
Area, m2 (ft2) s s e e e
Dihedral, deg . « « « « .
Leading-edge sweep, deg
Span, m (f£) . . . . . ¢ .
Aspect ratio

Vertical tai] —
Area, m (ft2) e e e e
Sweep at 30-percent chord,
Span, m (ft) . . . . . . ..
Aspect ratio . .

Aileron —
Area, mZ (f2) . .. ...
Span, m (ft) . . .
Maximum travel, deg . .

Inboard spoiler —
Area, m? (ft2) . .. ...

Mean aerodynamic chord, m (ft)

Maximum travel, deg . .
Outboard spoiler —

Area, m (ftz) L] L] L] L . . L L . L]
Mean aerodynamic chord, m (ft)

Maximum travel, deg

3.51 (11.50)
3.78 (12.42)
42,60 (139.75)

4
35.97 (117.99)
209 (2250)
8.25 (27.06)
2.69 (8. 83)
6.34 (20.81)

7

6.2
39

39. 6 (426. 55)
7.5

41

11. 80 (38.74)
3.52

27.4 (295)
35

6.45 (21.17)
1.52

2.78 (29.97)
2.93 (9. 62)
+15

1.65 (17.8)
0.85 (2.8)
75

3.86 (41.51)
0.95 (3.11)
60
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TABLE 2,— CV-990 STABILITY AND CONTROL INSTRUMENTA TION

Parameter

Range

Total error

Left-hand elevator

Right-hand elevator

Rudder

Left-hand aileron

Right-hand aileron

Left-hand outboard spoiler

Left-hand inboard spoiler

Right-hand outboard spoiler

Right-hand inboard spoiler

Static pressure

Total pressure

Angle of attack

Angle of sideslip

Pitch angle

Roll angle

Pitch rate

Roll rate

Yaw rate

Center-of-gravity normal
acceleration

Center-of-gravity
transverse acceleration

12.1° to -25.2°

11.4° to -25.7°
+25,1°

14.6° to -15°

15,1° to -16°

59.4° to 0°

68° to 0°

58.3° to 0°

73.2° to 0°

15,082 N/m? (315 Ib/ft2)
3400 N/m2 (71 1b/ft2))
35° to -15°

+16°

40° to -20°

+20°

+10 deg/sec

+20 deg/sec

£10 deg/sec
2.5gto0g

+,0g

.
o]

o O O O

. .
o O

[}

m? (18. 6 1b/ft2)
/m? (3.5 1b/ft2)

HNHNH%WN[\'JND—‘P—‘)—‘)—‘P—‘

Im . e e ® e e

O =R OO R R~
(o]

N
N

[o]

. . .
o O ©O

.9 deg/sec
1.8 deg/sec
.9 deg/sec
.1lg

.04g
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TABLE 4.— VARIANCE AND PROBABLE-ERROR INDEX

Derivative Variance Probable-error index
Longitudinal
Mg» 1/sec 0.0418 4.6
M, 1/sec? . 0307 1.6
Mg, » 1/sec? . 0401 2.3
Ng .0110 -
N> 1/sec .0138 3.8
Lateral-directional

Lg,» 1/sec? 0.00993 2.1
Lg» 1/sec? .04199 13.1
Lgg» 1/sec? .01270 2.0
Lp» 1/sec .01423 1.4
L., 1/sec .02783 ——
Lgs 1/sec? .04370

N, 1/sec? .00143 2.2
Ng . 1/sec? . 00854 1.0
Npg» 1/sec? .00189 1.9
Np, 1/sec .00226 ——
N, 1/sec . 00447 5.2
Ng, 1/sec? . 00505 .6
Y5, 1/sec . 00095 -—--
Y5, 1/sec . 00333 10.7
Y5 1/sec . 00057 -—--
YB’ 1/sec . 00189 1.3
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Figure 3. Variation of aileron and spoiler deflection with the normal range

of wheel usage.



hp, m (ft)

o 6,096 (20, 000)
< 8534 (28 0000 } Clean configuration
o 10, 670 (35, 000)
Configuration
A 50" flap deflection, gear down
A 27° flap deflection, gear down hpii 3960 m (13, 000 ft)
A (° flap deflection, gear down
4 C(Clean
3 S e e i Z 3
12 %10 Z 40%10
Z
7
Z
7z
o o o o©O Z
2
10 — é 3
7
%
Z
o 2
8 — é
Z —{24
2
2
hp, h
6 — u] o 8 0 O o p
m
ft
—116
4 24 42%
—18
2 L
I | | 1 g
0 .2 .4 .6 .8 1.0

M

Figure 4. CV-990 operating envelope showing Mach number and altitude conditions at
which stability and control data were obtained.
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— Flight data
——— Calculated time history

—

]

q, deg/sec

6
4
2 - Y/
0
-2

0, deg

a, deg

l

5 10
t, sec

(@) Vi = 140 knots, h, = 3960 m (13,000 ft), 6f = 50°.

Figure 5. Typical Newton-Ra
histories.
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phson matches of pullup and release maneuver time



*popniouc)d

‘¢ 2an31q

‘woyeInITyuoo uEal> ‘(¥ 00048 W 02901 = T ‘0870 =W (@

78S )
0¢ ! o_H
= 1 . - .
Nl
W“Lﬂq" Nldu\hf\dlll/l\\! w
1y bap ‘n
—9
—8
0
| _ 0
= — v |
9 bap ‘e
— 8
— 01
p-
. qr
—— — h“-ﬂ“lhy//\u'l 0 295/60p D
/ —¢
—v
-9
-
T ml
— p- @@U .wo
TN )
-V

A10ysiy awiy pajejnoje) — — —
ejep by ——

37



——— Flight data
— — — Calculated time history

¢, deg 0

r, deg/sec 0
-4

10 —

p, deg/sec 0
-10

0

t, sec

(@) Rudder doublet: V; = 140 knots, hp = 3960 m (13, 000 ft), b5 = 50°.

Figure 6.
histories.
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Typical Newton-Raphson matches of lateral-directional maneuver time



——— Flight data
20— — — — (Calculated time history

b, deg 0

ér, deg 0

by, deg 0 r’_\

20 —
@, deg 0 \//"’\_‘ e T T e —
20 | l | | |

4 —
b deg 0 /”'—‘\/’C\\ TN
y N |

4 —
— = P -

r, deg/sec 0 e ~—

-4 | I l I il

10 —
b, deglsec O \_//\\_//\\_7@“‘:
-10 l I | | I
0 5 10 15 20 25

t, sec
(b) Aileron doublet: Vj =140 knots, hp =3960 m (13,000 ft), bs = 50°.

Figure 6. Continued.
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—— Flight data

20— /\ — — — Calculated time history
b, deg 0
Smya
4 —
by, deg 0
4 | l J
10—
0y, deg 0 7
10 l | J
A=
a, g 0 AN AVAV‘
1 l l I l |
20 —
¢, deg 0 —_— "
2 N | | J
4 —
B, deg O_Q__\/" N~ = \v“}:
4 | =" | 1
4 —
r, deg/sec 0 —“vf\\_//_\v/\ —
-4 l | l | |
10 —
p, deg/sec 0 /’\\_//\V/\\:
ol My o
0 5 10 15 20 25
t sec

(c) Aileron plus spoiler doublet: Vj = 140 knots, hp = 3960 m (13,000 ft), 5f =50°,

Figure 6. Continued.
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—— Flight data

20 — — — Calculated time history

o, deg 0
-20 | |

O, deg 0 /\

éa, deg 0

AN ANANYAN
J YRV

20—
/v
o deq G NN
20 1 | | |
4 —

B, deg 0

__ //\ FAN /"\\ 7
IRVAVIAVIAYS

r deg/secz /\ /\ /\ /\
| VERV/ERY/E

-4
10—
p, deg/sec 0 ‘«—/\ /\\//\\//\\
-10 M | I B
0 5 10 15 20

t sec
(d) Rudder doublet: M =0. 80, hp = 10,670 m (35,000 ft), clean configuration.
Figure 6. Continued.
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——— Flight data

20 — — — — Calculated time history

b, deg 0
-20 | |

ér- deg 0

A
" -10 \[l

¥, deg

B, deg 0 <

— 7

4 —

r, deg/sec 0 ~— N
-4 | | l J

10 —

/\V/"\V/\ N

p, deg/sec 0 C;\/

10 | | | |
0 5 10 15 20
t, sec
(e) Aileron doublet: M = 0.80, hp =10,670 m (35,000 ft), clean configuration.
Figure 6. Continued.




20 — ——— Flight data

/\ — — — Calculated time history
b;, deg 0
-20 Y | J
4 —
O, deg 0
4 J
10 —
6, deg 0 /AN
-10 \/ I | ]
A=
a, g 0 7 A N N
-1 I I | J
20 —
®, deg 0 \//\/\/\/
-20 | | | |
4 —
B' deg 0 ﬂ/\/ ‘\\ \/—\{
-4 \/ I ]
4 o
r deg/sec 0 VA\//\V/-\VA
-4 I I I |
10 —
p, deg/sec 0 \JF\\//\\/%
-10 = | I | |
0 5 10 15 20
t sec
(f) Aileron plus spoiler doublet: M = 0.80, hp = 10,670 m (35,000 ft), clean
configuration.

Figure 6. Concluded.
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hp, m (ft)

o 6 096 (20, 000)

O 8 534 (28, 000) i .

o 10 670 (35 000) configuration
8r— ’ '

Configuration
A 50° flap deflection, gear down N C -
A 27 flap deflection, gear down hp = 3960 m L .4
4 (° flap deflection, gear down (13,000 ft)
4  C(Clean
I S NN N

Clean

0
0
o/ Constant C
4 ‘ A D—’;’i"" line
Y At &, 0 B g
Cma o — T\o
-2 | T T I I N N
0
A
20 —4 0O g .
Tl . B ° 8
Cmg Lo °© "p
‘40—' —
o)
ol 1 1 1 ] I N T N
0
A
O O alie )
-2 I I I | I I R I
A4 .6 .8 1.0 1.2 1.4 3 .4 5 .6 .7 .8 .9
CL M

Figure 7. Variation of flight-determined longitudinal pitching-moment derivatives
with 1ift coefficient and Mach number.
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Configuration

A 50° flap deflection, gear down y
& 27° flap deflection, gear down h(il);gggom
a (° flap deflection, gear down , 000 ft)
4 Clean
8._—
A
c s Sa
Ng A—AA A
A A
S I T O B B
120 —
A
A
A
80 —
CNg a0~ o a
o
y
0
-40 S I
1.0
CNop -5
& By 4
A
0 [ N A
4 6 .8 1.0 1.2 1.4
CL
Figure 8.

lift coefficient and Mach number.

hp, m (ft
a6 096 (20, 000)
o 853408000 | @
o 10,670 (35, 000) | Configuration
8
A
0 L | | L]
O
D——’Q"/mﬂo
o— 0o
— O-
Z o)
Constant C| line
|| || |
L a
(@)
(@)
0
AP -I
m]
[ N N B
B (o]
o p 8 8 oo
[ T I N
3 .4 .5 .6 .1 .8 .9
M

Variation of flight-determined longitudinal normal-force derivatives with
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20—

A
P
. 104~ o
sec R o
£ a é 0 o
° 8 8 a©
0 l | | | , ,
hp, m (ft)
o 6,096 (20, 000)
<O 8,534 (28 000) | Clean configuration
°r O 10,670 (35, 000)
Configuration
A 50° flap deflection, gear down N
4 4 27" flap deflection, gear down hp=3960 m
T ‘I A (° flap deflection, gear down | (13,000t
12 4  Clean
sec
2L
A (o]
o o
“ 4L & Y o 3 .
B g
0 l I ] J ]
8 — 4
A 4
A §D o o a o
o 8§ o
¢ .4 o
A
0 | | | 1 | |
M

(a) Short-period mode; calculated from flight-determined derivatives.

Figure 9. Variation of longitudinal period and damping characteristics with Mach
number.
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hp, m )

o 6,096 (20, 000)
O 8534 (28,000)
o 10,670 (35, 000)

Configuration

Clean configuration

A 50° flap deflection, gear down -
A 27° flap deflection, gear down h(p;;ggo m
A (° flap deflection, gear down 13,000 )
4
20— Clean
Flag indicates Mach trim on
4 77 Fairing based on manufacturer's data
Jd0 "
4 4 4
e
0 o o o
4 i g & d
© 0
10 Al 7 b 1 1 |
120 —
100 —
~ 10,670 m ©
80 — 6096 m (20, 000 ft) (35, 000 ft) o
P, d
sec
0 | l | | I I ]
2 3 4 5 .6 7 8 9

(b) Phugoid mode; measured from flight data.
Figure 9. Concluded.
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hp, m (ft)
o 6,096 (20, 000) Clean
O 8534 (28 000) | configuration
o 10, 670 (35, 000)

8
Configuration
A 5(° flap deflection, gear down ~
& 27° flap deflection, gear down hp = 3960 m CL 4}
A (° flap deflection, gear down (13,000 ft)
4 Clean
0 I N N N B
0
__05\.— S
_10»——— L
Ct oD
ﬁ-lS— — o B 0 o)
: \
A: AAA o o 0o o
- 75 [ N S I I N N B
20—
sla 44 i /8/000
By o, 4 4 o—B=% ©
“ng 101~ - 977 © ,
4 Constant C| line
051 —
0 I S I I U SR
0
_‘5___ W
Yg 1014 4 a o 0 8 3 g
44 4 4
-1.5— -
2.0 [ 1 1 1 | [ I N R
4 6 .8 1.0 1.2 1.4 3 .4 5 .6 .1 .8 .9
CL M

Figure 10. Variation of flight-determined lateral-directional static stability derivatives
with lift coefficient and Mach number.
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Configuration

A 50° flap deflection, gear down
A 27 flap deflection, gear down | Np~ 3960 M
A (° flap deflection, gear down | (13, 000 ft)
4 C(Clean
0
_.1..—
-2
Clp
-
iy A A
A, AL A
f A A A
-5 | l | [
0
Cnr A t A a8 A
- 2._ A
-3 | | l [
4 6 8 1.0 1.2 1.4
CL

hp, m ()

6, 096 (20, 000)
8,534 (28,000) } Clean configuration
10, 670 (35, 000)

’

o
<
o

0 o}
o (a} oD
B8 o
| | | | | 9]
o Du
0
8 o] o
o
o}
| | | | | ]
4 5 .6 7 .8 9
M

Figure 11. Variation of flight-determined lateral-directional damping derivatives with

lift coefficient and Mach number.
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Configuration hp, m (ft)
A 50° flap deflection, gear down ~3960 m o 6,096 (20, 000)
4 ?27° flap deflection, gear down } P < 8534 (28 000) } Clean configuration
A (° flap deflection, gear down | (13,000 ft) o 10 670 (35, 000)
4 C(Clean
A— _
3 A [
2 —
A A
- A -
c he o 0
Ly A o - 0
Or——zﬁ " —0
A B o o
-1 -
o}
- | o
-3 | l I | f | l l | I |
1— —
D
0 o B =5
o
a ] o
Cnp 14 f - o
A 0
A 4
- 2 - A -
A
Y I I D R Lo
4 .6 8 1.0 1.2 1.4 3 4 5 6 7 8 9
C M

Figure 12. Variation of flight-determined lateral -directional cross-coupling derivatives
with lift coefficient and Mach number,
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Configuration hp, m (ft)

A 50° flap deflection, gear down hp= 3960 m o 6,096 (20, 000) Clean
A 27° flap deflection, gear down < 8 534 (28 000) : .
A (° flap deflection, gear down (13, 000 ft) o 10670 (35, 000 configuration
4 C(Clean
05— —
04— — g S
A o B
.03 & — B8
Cléa fA . a 0 o
02 4 —
01— —
0 l | | L l I l l |
06— a —
05— A 4 -
04— —
A R L A
“lo, .32 4 — g ©
2s - o o o ©
o o o
01 —
0 | | | | ] | | I | [
05— _
o
M —
Clé 03_ A - . o o
f 024 A - . <
A
A (o]
0l—a A AA - O o o
A
N R T N R B I N R S
4 .6 .8.10 1.2 1.4 3 4 5 6 .7 .8 .9
CL M

Figure 13. Variation of flight-determined lateral-directional roll control derivatives
with lift coefficient and Mach number.
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Configuration hp, m (ft)

A 50° flap deflection, gear down h =~ 3960 m 0 6,096 (20, 000)
& 27° flap deflection, gear down | P <& 8534 (28 000) | Clean configuration
A (° flap deflection, gear down | (13,000 ft) o 10, 670 (35, 000)
4  Clean
025 — -
A,
020 o —
ry
L L 0
c, 015 —4, 4 2 o)
% a D o
010 | °
° 5 o oo
.005 — |
N I N B I I S R
M A A [
A
03— A N N —
C £ 4,
NG .02 —
0 }—a — % o B ® 9o
O p
N I R B B B I R I B
0
-.05— —
o
n - L ]
6 -.10 . & o 8 & o ©
A A R & 0
- 15 A -
- 20 | l | | | | | | | 1
.4 .6 B0 1.0 1.2 1.4 3 4 5 .6 g 0.8 .9
€L M

Figure 14. Variation of flight-determined lateral-directional yaw control derivatives
with lift coefficient and Mach number.
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h_, m(ft

Configuration P
A 50° flap deflection, gear down |, . 39¢, m o 6,096 (20, 000) Clean
& 27° flap deflection, gear down (23 000 1) O 8534 (28 000) ; configuration
A (° flap deflection, gear down ' o 10, 670 (35, 000)
4 C(Clean
A0 -
05— — (]
a]
C a4\ A o € o o
Ys, 0 A 00— —0-
A 4 o
- 05 4 4 —
A
L1 a1 N T Y T
.050— —
025 4 -
025 4 N 0 o
0
o—= - Q 5
CY65 A A‘A A o o 0 o]
=025 — ©
A
=050 -
A
P I R S B B I R N R
S —
4 4 -
3 A 4 — °
C
Y6r 4 M o 8 o
21 a? a N 0 o o]
©
N —
A
0 | | I L | | | | L
4 6 g8 . 1.0 1.2 1.4 3 4 5 6 7 8 9
Cp M

Figure 15. Variation of flight-determined lateral-directional side force control
derivatives with lift coefficient and Mach number.
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Figure 16. Variation of lateral-directional characteristics,
determined derivatives, with Mach number.
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o 6,096 (20, 000)
O 8534 (28 000)
o 10, 670 (35, 000)

hp, m (ft)

Configuration

A 50" flap deflection, gear down
4 27’ flap deflection, gear down
A (" flap deflection, gear down
a4

Ctean

Clean configuration

hp ~ 3960 m (13, 000 ft)

8
[ &
Yreop .
P sec 4)— 5] ° %
O p
0 | |
60[—
o)
40—
Tl/z,sec
20— AA f 0 o
A\
vi 2 o]
0 | | 1 T ° |
10—
4 O o
L 05— 4 t‘p ‘“D S ©
A
o)
0 | | ? | ]
.3 A . .8 9

(3) Dutch roll mode period and damping.

calculated from flight-



hp, m ()

o 6,096 (20, 000)

o 10, 670 (35, 000) } Clean configuration

— Damper on
L Damper off
0 o
m] ° - ©
m]
o o}
| I | | Q l |
2 3 4 5 .6 7 .8 9
M

(b) Comparison of damper on and damper off damping ratio.

Figure 16. Continued.
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.02

-.02
2.0

1.6

1.2

hp, m (ft)

o 6,096 (20,000)
O 8 534 (28, 000)
O 10, 670 (35, 000)

Clean configuration

Configuration

— A 50° flap deflection, gear down
4 27° flap deflection, gear down hp = 3960 m (13, 000 ft)
A (° flap deflection, gear down
4  Clean u]
L A 3
a o
A0 0 o
A
5 O
A
1 l
o)
L o
A
A 0 o
A
A A o
| [ | |
2 4 .5 .6 7

(c) Roll and spiral mode time constants.

Figure 16,

Concluded.



=10, 670 m (35, 000 ft), clean configuration

Vi =140 knots, hy =3960 m (13, 000 ft), 50° flap deflection

o M=0.80, hp
A
0
o)
_.4.._
b
-8 2 o}
—2 s 9
A
1.2 | | | [
1.2(—
1.0 °©
8
b
Lr .A_AA A
21
R A
05
o)
_‘2—
S al— o
Sl 1 | | @
0
2HAA 4 A A
's 0
4o o o ©
-6 [ ] [ |
605 5 565 gapps
om- +
bined o &

L@r

—0 O ©
A
i
0
I3 S S
—
00 o)
AA A
|
105 5 5 5pps
Com- O Op+6s 0O
bined

(a) Rolling-moment derivatives.

Figure 17. Comparison of dimensional derivatives obtained by matching maneuvers
separately and then simultaneously at a sample rate of 5 points per second (pps) and

10 points per second.
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o M=0.80, hp =10, 670 m (35, 000 ft), clean configuration
A Vj=140knots, hp=3960 m (13, 000 ft), 50° flap deflection
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(b) Yawing-moment derivatives.
Figure 17. Continued.



(oMo [} O (o}
AA A A A
Y -2
S O
.01
Yéa Oroo e}

N o M=0.80 hp =10, 670 m (35, 000 ft), clean configuration
A
Ybr
2
oLbe & | |
.01
Yo o
-1 L | ]
! 10 5 65r 5 5 pps
Com- +
bined %t b

(c) Side force derivatives.

Figure 17, Concluded.

A Vj=140knots, h, =3960 m (13, 000 ft}, 50° flap deflection
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o M=0.80, hp = 10, 670 m (35, 000 ft), clean configuration
A V;=140knots, hy =3960 m (13,000 ft), 50° flap deflection
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Figure 18. Variation of dimensional derivatives with principal-axes inclination.
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o M=0.80, hp =10, 670 m (35, 000 ft), clean configuration
A V;=140knots, h, =3960 m (13, 000 f1), 50° flap deflection
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(b) Laa, L@r, Las.
Figure 18. Continued.
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o M=0.80, hp = 10, 670 m (35, 000 ft), clean configuration
4 V;=140knots, hp =3960 m (13, 000 ft), 50° flap deflection
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Figure 18, Continued.



o M=0.80, hp =10, 670 m (35,000 ft), clean configuration
4V, =140knots, hp =3960 m (13,000 ft), 50° flap deflection
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(d) N5, N@r, Nﬁs.

Figure 18. Continued.



o M=0.80, hy =10, 670 m (35, 000 ft), clean configuration
A V;=140knots, hp =3960 m (13, 000 ft), 50° flap deflection
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Figure 18. Concluded.



0 M=0.80, hp =10, 670 m (35, 000 ft), clean configuration
4 V;=140knots, hy=3960 m (13, 000 ft), 50° flap deflection

Total error 4
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Figure 19, Variation of total error with principal -axes inclination for two flight
conditions.
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